Shin DS, Yu W, Sutton A, Calos M, Carlen PL. Elevated potassium elicits recurrent surges of large GABA A -receptor mediated post-synaptic currents in hippocampal CA3 pyramidal neurons.
The release of neurotransmitter is a stochastic process and therefore the possibility for neurotransmitter failure may exist such that an action potential arriving at the nerve terminal does not elicit neurotransmitter release (Staley 1999) . Since the discovery of the inhibitory actions of ␥-aminobutyric acid (GABA) (Curtis et al. 1970) , it was suggested that a failure of GABA-mediated inhibition may underlie the abnormal, recurrent neuronal activity in epileptic states. The failure of action potential-mediated release of neurotransmitters by elevating extracellular potassium was reported in the frog neuromuscular junction (Takeuchi and Takeuchi 1961) and giant squid synapse (Erulkar and Weight 1977) . This phenomenon was shown by Staley et al. (1998) with neurotransmitter depletion of the releasable glutamate pool at recurrent synapses of hippocampal CA3 pyramidal cells.
Previously, we found that an increase of extracellular K ϩ from 2.5 to 10 mM K ϩ caused CA3 stratum oriens (OR) interneurons to become markedly hyperactive (Shin et al. 2010 ). This finding was surprising since this hyperactivity of inhibitory interneurons should have resulted in the attenuation of pyramidal neuronal activity and seizures or seizure-like events, which it does not. Aradi and Maccaferri (2004) also found that CA3 interneurons were strongly active during epileptifom activity, but the efferent effects of this hyperactivity on pyramidal neurons were not examined.
Therefore, it is possible that the hyperactivity of interneuronal activity may lead to the loss of inhibition via a depletion of GABA or failure of GABA release. The aim of our study was to determine whether this phenomenon is present in a high potassium juvenile rat hippocampus model. To do so, we perfused 10 mM K ϩ onto juvenile hippocampal slices, employing whole-cell patch-clamp recordings from CA3 pyramidal neurons and interneurons at 0 mV, the reversal potential for excitatory post-synaptic currents (EPSCs), thereby electrophysiologically isolating GABAergic responses, to measure temporal changes in inhibitory post-synaptic currents (IPSCs).
MATERIALS AND METHODS
Experimental procedures. Parts of this section have been reported elsewhere (Shin et al. 2010) . In brief, experiments were conducted on young male Sprague Dawley rats (P12-P16) in compliance with policies of the University Health Network and the Albany Medical College Animal Care Committees, to minimize pain, discomfort, and the number of animals used in this study. Rats were anesthetized with Halothane or isoflurane and quickly decapitated. The brain was rapidly removed and transferred to an ice-cold artificial cerebrospinal fluid (aCSF) dissecting solution containing (in mM): 207 sucrose, 2.5 KCl, 2 MgCl 2 , 26 NaHCO 3 , 1.2 NaH 2 PO 4 , 1 CaCl 2 , and 10 D-glu-cose, pH adjusted to 7.4 with 95% O 2 -5% CO 2 (carbogen). The brain was secured into a vibratome (Vibratome 1000 series, Technical Products International, St. Louis, MO; or VT1200S, Leica Microsystems), and 400-m horizontal oblique slices, containing the hippocampus and entorhinal cortex, were obtained. Afterward, slices were left in an incubation chamber for 1 h to allow for tissue stabilization before recording in aCSF, which contained (in mM): 125 NaCl, 2.5 KCl, 25 D-Glucose, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 1 MgCl 2 , and 1 CaCl 2 , which was continually aerated with 95% O 2 -5% CO 2 .
For whole-cell patch-clamp recordings, the slice was placed in a RC-26 open bath recording chamber (Warner Instruments) and perfused with aCSF at 2 to 3 ml/min, aerated, and pH balanced with 95% O 2 -5% CO 2 at 32.5°to 34°C. CA3 interneurons and pyramidal neurons were visualized with an Olympus BX51WI upright microscope (Olympus Optical) equipped with a 40ϫ water immersion lens with differential interference contrast and infrared (DIC-IR) optics. Whole-cell patch-clamp recordings were performed with electrodes made from borosilicate glass (World Precision Instruments) pulled to a resistance of 5-8 M⍀ using a Narishige PP-830 vertical puller. The intracellular solution in the recording pipette contained the following (in mM): 8 NaCl 20 KCl, 110 Kgluconate, 0.0001 CaCl 2 , 1 MgCl 2 , 10 NaHepes, 0.3 NaGTP, and 2 NaATP, pH balanced to 7.4.
For all experiments involving the detection of IPSCs from CA3 pyramidal neurons, the brain slice was initially perfused with aCSF for 3-5 min. The bath perfusion was next switched to a solution containing aCSF and 10 mM KCl for varying durations (experiment dependent) and is described as elevated K ϩ or 10 mM K ϩ throughout the article. Afterward, slices were reperfused with aCSF to washout the high K ϩ solution for 20 -30 min. Neurons were voltage-clamped at 0 mV except during changes in the bath perfusion. For these times, the resting membrane potential was determined and an I-V (currentvoltage) curve was performed by injecting a constant 0.1 nA negative current step with subsequent positive current steps of 0.05 nA steps, 850 ms in duration, into interneurons and pyramidal neurons via the patch pipette, to obtain input resistance (the slope of the I-V). Spontaneous action potential (AP) activity was recorded in the Iϭ0 mode, and the total number of APs was detected using the threshold discriminator available in Clampfit 10 (Axon instruments) before, during, and after treatment.
To investigate whether glutamatergic signaling was involved in the generation or recurrence of elevated K ϩ -mediated surge events, we bath perfused 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; 10 M) and 2-amino-5-phosphonovaleric acid (APV; 60 M) for 5 min to inhibit ␣-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptor activity, respectively, before a 20-to 30-min perfusion of 10 mM K ϩ concurrently with the blockers. The pyramidal neuron was voltage-clamped at 0 mV throughout the recording, except when an I-V curve was generated between treatments, whereas a second electrode was used concurrent with the whole-cell patch-clamp electrode, to record extracellular field potential recordings as described below.
Simultaneous extracellular field recordings were performed along with whole-cell patch-clamp recordings from the CA3 stratum pyramidale layer and CA3 pyramidal neurons, respectively, in a RC-26 open bath recording chamber (Warner Instruments). The extracellular field recording electrode was filled with 150 mM NaCl, and the signal was amplified using an axopatch 1-D amplifier with a 5-kHz sampling rate, a 2-kHz low pass 8 pole Bessel filter, and a 100ϫ gain in the Iϭ0 mode. For whole-cell patch-clamp recordings, the liquid junction potential correction was calculated to be 6.2 mV, taking into account the Donnan equilibrium (Zhang and Krnjevic 1993) and was not adjusted in this study. The access resistance (R a ) was uncompensated but monitored before and after treatment perfusion using the membrane test function in Clampex 10 (Molecular Devices, Sunnyvale, CA). Patch recordings with R a values less than 20 m⍀ with no more than a 20% change in value were considered acceptable. Whole-cell recordings were acquired using a Axopatch 200B amplifier (Molecular Devices) with a sampling rate of 10 kHz, low-pass filtered at 5 kHz using a 8 pole Bessel filter and digitized by a Digidata 1440A (Molecular Devices).
Fast-spiking (FS) CA3 interneurons were identified, as per other reports (Derchansky et al. 2008; Fujiwara-Tsukamoto et al. 2003; Shin et al. 2010) , as cells that exceed an AP frequency of 50 Hz with maximal current injection. To record IPSCs, pyramidal neurons were voltage-clamped at 0 mV to ensure that the holding potential was far removed from the reversal potential of Cl Ϫ to better observe these fast inhibitory currents. In addition, this holding potential is close to the reversal potential for AMPA (Hestrin et al. 1990; Konnerth et al. 1990 ) and NMDA receptors (Ascher et al. 1988; Esclapez et al. 1997; Nowak et al. 1984) and therefore limited the contamination of the EPSC currents.
Small IPSC templates with 5-to 10-ms durations (Fig. 1C , upper right-hand trace in aCSF plot) and large IPSC templates with 200-to 300-ms durations (Fig. 1C , upper right-hand trace in 10 mM K ϩ plot) were detected using the template-matching function in Clampfit. No limitation was placed on the template amplitude for this detection. Once IPSC events were detected, the rising slope (nA/ms), the rise time (ms) from 10% to 90% of the IPSC amplitude, the decaying slope (ϪnA/ms), and the decay time (in ms) were calculated by the software program.
To elicit the release of GABA from interneuronal presynaptic terminals, we positioned a glass electrode with a resistance of 5-8 m⍀, containing 300 mM sucrose dissolved in aCSF, within 30 m of the CA3 pyramidal cell body, and applied a 15-psi, 10-ms pressure pulse to expel the sucrose. For experiments where we pressure ejected sucrose before an initial surge of large IPSC events, sucrose application was performed within 1 min of the commencement of 10 mM K ϩ perfusion, whereas we pressure ejected sucrose within 1 min after the disappearance of the initial surge in other experiments. We chose to pressure eject sucrose within 1 min after the commencement of elevated K ϩ treatment in an attempt to deplete GABA before a surge event. These events typically started after 1 min of 10 mM K ϩ treatment. Furthermore, we pressure ejected sucrose within 1 min after the disappearance of a surge event in elevated K ϩ to also deplete GABA after the initial surge event.
To determine the reversal potential of GABA A receptor-activated currents in aCSF, we voltage-clamped CA3 pyramidal neurons at Ϫ100, Ϫ70, Ϫ30, and 0 mV. At these holding potentials, we pressure ejected muscimol (500 M) for 10 ms at 15-20 psi, to elicit GABA Areceptor-mediated currents. We plotted the amplitude of these evoked currents at the various holding potentials and fitted a regression curve. The voltage potential at which the current switched from inward to outward was denoted as the reversal potential; the same paradigm was done after 5 min in 10 mM K ϩ in the absence of surges (at 0 mV). Drugs. All chemicals were purchased from Sigma-Aldrich (Burlington, ON, Canada) or Krackeler Scientific (Albany, NY).
Statistical analysis. Whole-cell data were analyzed using a paired or unpaired Student's t-test between two groups using the SigmaStat 3.5 software program (Systat Software, San Jose, CA), unless stated otherwise. Significance was at P Ͻ 0.05, and each sample size (n) equated to a single recorded neuron from one slice. All data are expressed as means Ϯ SE.
RESULTS
To evaluate the effect of enhanced interneuronal spontaneous firing activity on CA3 pyramidal neurons, we investigated IPSCs in these principle neurons (Fig. 1) . With pyramidal neurons voltage-clamped at 0 mV in aCSF, we observed that all pyramidal neurons exhibited predominantly small IPSCs with amplitudes of 0.053 Ϯ 0.007 nA occurring at a frequency of 3.94 Ϯ 0.93 Hz (n ϭ 12). Infrequent large IPSCs were observed in aCSF (n ϭ 3) with amplitudes of 0.27 Ϯ 0.14 nA and a low event frequency of 0.09 Ϯ 0.01 Hz. The bath perfusion of 10 mM K ϩ did not significantly change the amplitude of small IPSCs although their frequency increased to 5.59 Ϯ 0.61 Hz. However, elevated extracellular K ϩ resulted in a surge of large IPSCs with a peak amplitude of 0.56 Ϯ 0.08 nA (P ϭ 0.008; n ϭ 12), greater than 5ϫ the amplitude of the small IPSCs. The appearance of these large IPSCs in CA3 pyramidal neurons in 10 mM K ϩ occurred after 4.01 Ϯ 0.43 min of perfusion and lasted for 1.57 Ϯ 0.12 min. When we examined the waveform properties of large and small IPSC events in elevated K ϩ , we found that the large IPSC events had significantly slower rising slopes to 10% to 90% of the maximum amplitude compared with small events (small: 0.012 Ϯ 0.002 vs. large: 0.002 Ϯ 0.000 nA/ms), longer rise times (small: 5.231 Ϯ 0.188 vs. large: 97.450 Ϯ 5.107 ms), slower decay slopes (small: Ϫ0.004 Ϯ 0.000 vs. large: Ϫ0.001 Ϯ 0.000 nA/ms) and longer decay times (small: 8.397 Ϯ 0.287 vs. large: 161.721 Ϯ 15.625 ms; all values from n ϭ 12 with significance at P Ͻ 0.001 using an unpaired t-test). After 20 to 30 min of washout, no significant change in the amplitude and frequency of the small IPSCs was observable from aCSF values. In washout also, one surge of large IPSCs (n ϭ 3) was present at the beginning of the washout (within 5 min), which did not differ significantly in amplitude or frequency to those observed in persistently elevated K ϩ . However, later into the washout (after 5 min) this phenomenon was absent and both the amplitude and frequency returned to aCSF values (data not shown).
Along with a whole-cell patch-clamp recording of a CA3 pyramidal neuron, we simultaneously recorded extracellular field recordings from the CA3 stratum pyramidale layer to observe whether surges coincided with field potential activity in 10 mM K ϩ . Figure 1D shows that the recurrent surges from CA3 pyramidal neurons mirrored interictal activity in the extracellular recordings. After the first surge event, the extracellular field recordings exhibited a SLE. However, after the initial SLE, only persistent interictal activity was observed in the extracellular field potential recordings, even after the termination of another surge event (n ϭ 6).
To determine whether these small and large IPSCs were mediated via the GABA A receptor, we bath perfused a GABA A receptor blocker (10 M gabazine) 5 min before a 5-min bath perfusion of 10 mM K ϩ concomitant with gabazine. We found that gabazine completely abolished all small and large IPSCs in elevated K ϩ (data not shown, n ϭ 8). We also extended the recording time in elevated K ϩ and gabazine to 20 min and did not observe any surge events (n ϭ 4). However, interictal events were still present in the extracellular field recordings (data not shown, n ϭ 4). We also investigated whether glutamatergic signaling was involved in the generation or recurrence of elevated K ϩ -mediated surge events. We found that the inhibition of glutamate receptors in aCSF did not significantly alter the amplitude and frequency of small IPSC events (0.064 Ϯ 0.006 nA and 4.42 Ϯ 0.62 Hz, respectively, vs. 0.64 Ϯ 0.004 nA and 4.13 Ϯ 0.70 Hz in aCSF, n ϭ 7). However, when 10 mM KCl was added with CNQX and APV, the frequency of the small IPSC events significantly increased to 11.46 Ϯ 0.79 Hz (n ϭ 7), but their amplitude was not altered. The increase in frequency is also significantly higher than values seen in 10 mM K ϩ treatment alone (5.59 Ϯ 0.61 Hz; P Ͻ 0.001). In addition, the presence of glutatmatergic receptor blockers in elevated K ϩ resulted in the complete abolishment of recurrent surges in seven of seven recordings; only two of the recordings exhibited an initial surge event (data not shown). Furthermore, only interictal activity was present in the field recording and no SLEs were observed (n ϭ 7, data not shown) with glutamate receptor inhibition and 10 mM KCl bath perfusion.
Earlier, we observed only one surge of large IPSCs in 5-to 10-min recordings in elevated K ϩ . We next investigated whether re-emergence of this phenomenon was present with extended periods of 10 mM K ϩ treatment (Fig. 2) . When the hippocampal slice was bath perfused with elevated K ϩ for 20 to 30 min, we observed cyclically recurring large IPSCs. Figure 2B shows one recorded pyramidal neuron with seven surges of large IPSCs, but the majority of these cells (6 of 9 recordings) typically exhibited two to four of these events. One recording showed 10 surges of large IPSCs (Fig. 2C ). The emergence of cyclic large IPSCs had durations from 0.6 (the 10th observed event) to 4.2 min. Overall, the duration of these events lasted 2.02 Ϯ 0.37 min, and no correlation or pattern was observable between the duration, peak amplitude, and the order of these events. In addition, instead of continuously perfusing 10 mM K ϩ , we applied elevated K ϩ for 5 min and then washout for 10 min repeatedly two or three times and found, in all cases, that one event of large IPSCs was present with repeated treatment of elevated K ϩ from the same neuron (data not shown; n ϭ 3).
The cyclic emergence and disappearance of the large IPSCs in prolonged elevated K ϩ treatment may have occurred via a complete cyclic desensitization of the GABA A receptor. To test this hypothesis, we pressure ejected 500 M muscimol (10 ms, 15-20 psi), a GABA A receptor agonist, onto CA3 pyramidal neurons, after the disappearance of large IPSCs, which elicited a robust IPSC with an amplitude of 1.60 Ϯ 0.69 nA ( Fig. 3 ; n ϭ 5). In another set of experiments, we pressure ejected muscimol in aCSF and then in 10 mM K ϩ (after a surge) and found that IPSCs in aCSF were larger (1.85 Ϯ 0.60 nA) than those observed in K ϩ (0.80 Ϯ 0.21 nA; P ϭ 0.031 using paired t-test, n ϭ 7). There is a possibility that an elevated K ϩ -mediated depolarization of the reversal potential of the GABA A receptor could account for some of the attenuation in IPSC amplitude. When we examined the reversal potential of the GABA A receptor, we found that this was the case with a depolarization of the reversal potential from Ϫ56.9 Ϯ 4.8 mV in aCSF to Ϫ41.3 Ϯ 3.2 mV in 10 mM K ϩ (P ϭ 0.024; n ϭ 9).
To determine whether the large IPSC-mediated surges observed in 10 mM K ϩ were action potential dependent or from spontaneous release of neurotransmitters, we bath perfused TTX (1 M) for 10 min in aCSF and then switched to 10 mM K ϩ with TTX for 20 to 30 min. The small IPSCs detected in aCSF with TTX had amplitudes of 0.03 Ϯ 0.00 nA with a frequency of 3.50 Ϯ 0.27 Hz, which did not significantly change in amplitude in 10 mM K ϩ (n ϭ 4, data not shown). However, the frequency of small IPSCs significantly increased to 1.96 Ϯ 0.46 Hz (n ϭ 4) in elevated K ϩ but was still significantly lower than the frequency of small IPSCs seen in 10 mM K ϩ without TTX (5.59 Ϯ 0.61 Hz; P ϭ 0.035). More importantly, we found that TTX completely abolished large IPSCs and surges that were previously observed in elevated K ϩ . It is possible that the surge in large IPSCs could be mediated by synchronous activity of interneurons in the hippocampus.
To evaluate this possibility, we bath perfused 100 M carbenoxolone, a gap junction blocker for 10 min before a 20-to 30-min treatment of 10 mM K ϩ with carbenoxolone. The amplitude and frequency of small IPSCs in carbenoxolone were no different than those seen in aCSF with amplitudes of 0.03 Ϯ 0.00 nA and a frequency of 4.30 Ϯ 0.40 Hz, respectively (data not shown, n ϭ 10). When 10 mM K ϩ was perfused along with carbenoxolone, we observed that all of the recordings showed an initial surge of large IPSCs with a peak amplitude of 0.35 Ϯ 0.08 nA (n ϭ 10), but only two of the 10 pyramidal neurons showed another surge; no more than two surges were seen in any of these recorded neurons (data shown). To ensure that the carbenoxolone effect was not due to pretreatment of this drug, we bath perfused 10 mM K ϩ for 10 to 20 min until one or more surges was elicited. Afterward, we bath perfused carbenoxolone with 10 mM K ϩ to determine whether a similar abolishment of surges was observed. We did not see any surges in five out of five slices. A carbenoxolone perfusion before K ϩ treatment or after still abolished recurrent surges (Fig. 4) .
In the next set of experiments, we investigated whether the large IPSCs originated from the readily releasable or reserve pool; to do so, we pressure ejected 300 mM sucrose onto CA3 pyramidal neurons voltage-clamped at 0 mV in aCSF alone (Fig. 5A) . We found that the amplitude of small IPSCs was significantly smaller after the application of sucrose (amplitude before vs. after pressure ejection: 0.051 Ϯ 0.005 vs. 0.045 Ϯ 0.004 nA, respectively; P ϭ 0.028, n ϭ 6), whereas the frequency of these events significantly increased (before: 3.943 Ϯ 0.653 Hz vs. after: 5.375 Ϯ 0.915 Hz; P ϭ 0.01, n ϭ 6). In another set of experiments, we pressure ejected sucrose within 1 min of 10 mM K ϩ treatment and found that pressure ejection of 300 mM sucrose did not prevent the appearance of an initial surge (Fig. 5B) . However, the peak amplitude of the initial IPSC surge was 0.359 Ϯ 0.039 nA, which is significantly lower than amplitudes observed in elevated K ϩ without any sucrose application (0.56 Ϯ 0.08 nA; P ϭ 0.008). After the initial surge in IPSC one to five more surges was still present in three of seven pyramidal neurons over a 30-min recording but were still less than the number of surge phenomena observed in 10 mM K ϩ alone (up to 10 surges). In addition, although no pattern was observed regarding the peak amplitude of surges over a 30-min perfusion of 10 mM K ϩ only (see Fig.  2B ), we found that pressure ejected sucrose before the initial ISPC surge resulted in a continual decreased amplitude of subsequent surges in high K ϩ treatment (Fig. 5B ). In the remaining four of the seven recorded neurons, we observed that pressure ejection of sucrose before an IPSC surge abolished subsequent surges in 10 mM K ϩ (Fig. 5C ). We also found that the frequency of small IPSCs significantly increased from 4.94 Ϯ 0.90 Hz, before the sucrose application, to 9.31 Ϯ 1.028 after sucrose application (P ϭ 0.027), but the amplitude of these events did not (0.051 Ϯ 0.003 nA before vs. 0.052 Ϯ 0.006 nA after). Finally, we pressure ejected sucrose within a minute after the IPSC initial surge, which had a peak amplitude of 0.501 Ϯ 0.130 nA, and found that subsequent events were completely abolished in eight out of eleven recordings (Fig. 5E ).
We next examined the hypothesis that preventing GABA reuptake would prevent the development of repeated large IPSC surges from a rapidly releasable neurotransmitter pool. To this end, we bath perfused hippocampal slices with the GABA transport inhibitor, NO-711 (10 M), for 5 min before a 30-min perfusion of 10 mM K ϩ and NO-711 (Fig. 6) . A preincubation of NO-711 alone did not change the amplitudes of small IPSCs (0.04 Ϯ 0.00 nA) but significantly increased the frequency of these events to 7.57 Ϯ 1.14 Hz (n ϭ 6) compared with aCSF values (3.94 Ϯ 0.93 Hz; P ϭ 0.032). When a 30-min bath perfusion of 10 mM K ϩ was applied concomitantly with NO-711, four of the six neurons exhibited large IPSCs, which manifested as only one surge of large IPSCs, with a peak amplitude of 0.39 Ϯ 0.06 nA. The other two neurons did not show any large IPSC events. As with the carbenoxolone experiments, we investigated whether similar effects of NO-711 on surge abolishment were seen when we bath perfused 10 mM K ϩ (until 1 or more surges were elicited) before NO-711 and K ϩ treatment. With this treatment paradigm we found that NO-711 still abolished the K ϩ -induced surges in CA3 pyramidal neurons (n ϭ 4, data not shown).
We next investigated whether large IPSCs observed in CA3 pyramidal neurons were also present in other interneurons in the hippocampal CA3 stratum OR; in particular we recorded from FS interneurons. During 3 min of aCSF perfusion, we found that interneurons displayed small IPSCs similarly seen in pyramidal neurons (Fig. 7, A and B ; n ϭ 13). These small IPSCs had significantly smaller amplitudes of 0.03 Ϯ 0.00 nA than those observed in pyramidal neurons in aCSF (compared with 0.05 Ϯ 0.00 nA; P ϭ 0.041), whereas the event frequency was not significantly different (event frequency of 4.61 Ϯ 0.61 Hz vs. 3.94 Ϯ 0.93 Hz). With 10 mM K ϩ bath perfusion, we found that nine out of 13 recorded interneurons had IPSCs that matched the shape of the large IPSC template with amplitudes of 0.12 Ϯ 0.02 nA and an event frequency of 0.15 Ϯ 0.06 Hz. However, these changes were significantly smaller than those observed in CA3 pyramidal neurons [0.25 Ϯ 0.05 nA (P ϭ 0.043) and 0.57 Ϯ 0.09 Hz (P ϭ 0.002), respectively] and did not result in any surges. In the remaining three interneurons under elevated K ϩ treatment, we observed IPSCs that appeared Fig. 1 . A CA3 pyramidal neuron is voltage-clamped at 0 mV in artificial cerebrospinal fluid (aCSF; A) or 10 mM K ϩ (B), thereby isolating GABAergic currents from glutamatergic currents whose reversal potential is ϳ0 mV. The trace underneath the circle in A is expanded and shown below to illustrate the inhibitory post-synaptic currents (IPSCs) observed in aCSF, whereas the trace underneath the diamond in B is expanded below in 3 traces, each at a faster time base, to better illustrate the surges that are observed in 10 mM K ϩ . The vertical scale of 0.2 nA is the same for all expanded traces. The peak amplitude of IPSCs and their occurrence over the recorded time period are shown in C. The IPSCs were identified as small or large using the template matching function in Clampfit and shown in the left figure as small or on the righthand side as large IPSCs. Note that the time frame for these 2 events differ with a 5 ms and 100 ms scale bar for small and large IPSCs, respectively. Note that a surge in IPSC amplitude and duration with 10 mM K ϩ bath perfusion are present, which are mediated entirely by large IPSC events. The plots and traces represent a sample size of 12 cells. D: simultaneous whole-cell patch-clamp recordings (WC) from a CA3 pyramidal neuron and an extracellular field recording electrode (EC) in the CA3 stratum pyramidale layer was performed in 10 mM K ϩ . The WC recording showed large IPSC events that culminated into a single surge that coincided with interictal field potentials in the EC, resulting in a seizure-like event (SLE) at the end of the surge. No SLE events were seen after the initial surge event; only persistent interictal events. The traces represent a sample size of 6 simultaneous recordings.
large. However, upon closer examination with the template matching function of these events, we found that these events were just small IPSCs summated together (Fig. 7Aii) . In addition, these events only had a peak amplitude between 0.21 to 0.33 nA, significantly smaller than peak amplitudes seen in pyramidal neurons in elevated K ϩ (0.56 Ϯ 0.08 nA). More importantly, we did not observe any recurrent surges or cyclic emergence of large IPSCs in FS interneurons with elevated K ϩ treatment (Fig. 7B) . . The trace in A shows that a prolonged bath perfusion of elevated K ϩ did show a cyclic emergence (numbered 2 and 4) and disappearance (numbered 1, 3, and 5) of large IPSCs, which is shown as plots in B. The arrows in B point to times when a surge in large IPSCs was observed. This particular plot shows 7 recurrent surges with elevated K ϩ . The occurrences of these large IPSC surges were plotted against the time as sequences of surges. In C, the duration of these events was plotted against the sequence of these events. No correlation between the duration of these surges and the sequence of events was present. The numbers on top of the histograms represent the sample size.
DISCUSSION
Our study showed that bath perfusion of 10 mM K ϩ onto hippocampal slices resulted in a novel cyclic pattern of GABA input to CA3 pyramidal neurons, presumably originating from GABA release from the readily releasable pool of interneuronal afferents. The IPSCs were generated by GABA A receptor activation since the perfusion of gabazine completely abolished these events. In addition, the cyclic nature of these large IPSCs was dependent upon GABA transporter activity, synchronized activity of interneurons via gap junctions, GABA stored in the readily releasable pool and afferent excitatory input onto interneurons. These phenomena were not observed in FS interneurons, and the recurrent surges in large IPSCs did not mirror the spontaneous spiking activity of CA3 pyramidal neurons in elevated K ϩ . We show that CA3 interneurons impart inhibitory tone onto CA3 hippocampal pyramidal neurons in a cyclic and recurrent fashion when bath perfused in 10 mM KCl, a concentration of elevated extracellular K ϩ seen during seizure-like events and ischemia.
Although the primary aim of our study was to examine IPSC events in CA3 pyramidal neurons in 10 mM K ϩ , we simultaneously recorded extracellular field potential recordings along with intracellular recordings to investigate how these surge events affect CA3 hippocampal network activity. Interestingly, we found that the termination of the first surge event coincided with the manifestation of a SLE. Afterward, no more SLEs were observed with subsequent surge activity. In fact, only persistent interictal activity was present in the extracellular field potential recordings, which coincided with large IPSC events. The SLE observed after the first surge event in the pyramidal neuron most likely resulted from the initial exposure to elevated K ϩ in the bath perfusion chamber. However, after prolonged treatment of 10 mM K ϩ , only persistent and recurrent interictal activity was present.
To our knowledge, we are the first to report large IPSCs observed in hippocampal CA3 pyramidal neurons that culminate in events of increasingly large surges of large IPSCs in 10 mM K ϩ . Other studies examined the pattern and recurrence of IPSC activity in hippocampal pyramidal neurons in elevated K ϩ but did not report these types of IPSC surges lasting minutes during perfusion with 10 mM K ϩ . Marchionni and Maccaferri (2009) observed large IPSCs with similar amplitudes to our data in CA1 pyramidal neurons with 0 Mg 2ϩ and high K ϩ (8.5 mM) bath perfusion. However, they did not report any cyclic nature or surge of these events; smaller IPSC events were also present with an amplitude of 22.1 pA, which were smaller than those we observed in our study with 10 mM K ϩ treatment. Another article showed that progressively smaller IPSCs were present in CA3 pyramidal neurons perfused with 0 Mg 2ϩ and high K ϩ (5 mM) at seizure onset but did not report any cyclic nature of these events (Lasztoczi et al. 2009 ). Interestingly, the large IPSCs amplitudes in their study were much larger (1,116 pA) than those we observed in surge events (ϳ560 pA). Another study showed that GABA-mediated giant depolarizing potentials (GDPs) manifested in at least 50% of hippocampal slices in immature (P6-12) CA3 pyramidal neurons with 8.5 mM K ϩ treatment (Khazipov et al. 2004 ). However, the authors showed that the amplitudes of these large recurrent potentials remained unchanged for tens of seconds, without evidence for surge-like phenomena.
We used 10 mM K ϩ perfusion in our study since we recently found that this extracellular [K ϩ ] induced the most hyperexcitability in CA3 interneuronal activity without inducing a depolarization block (Shin et al. 2010) . In addition, this [K ϩ ] is well within values observed during a seizure-like event or paroxysmal after-discharges of extracellular [K ϩ ] from 2.5-3.0 to 7-15 mM in vitro and in vivo (Dichter et al. 1972; Moody et al. 1974; Fisher et al. 1976; Heinemann and Gutnick 1979; Gutnick et al. 1979; Benninger et al. 1980; Krnjevic et al. 1980; Sykova 1983; Somjen and Giacchino 1985; Yaari et al. 1986; Hablitz and Heinemann 1987; Jensen and Yaari 1997; Bikson et al. 2003) . Other studies have used raised potassium to induce hyperexcitability in hippocampal slices to elucidate mechanisms underlying the generation of seizures (Korn et al. 1987; Traynelis and Dingledine 1988; Rutecki et al. 1985; Jensen et al. 1994; Jensen et al. 1993; Jensen and Yaari 1997; Dzhala and Staley 2003; Meeks and Mennerick 2004; Gabriel et al. 2004; Lopantsev et al. 2009 ).
In elevated K ϩ treatment, we found that small IPSCs had the same amplitude but higher frequencies than those seen in aCSF. Marchionni and Maccaferri (2009) also found that IPSCs, observed from CA1 pyramidal neurons, did not increase in amplitude from aCSF to a low Mg/high K ϩ perfusion. The frequency of these events was not mentioned. Our results suggest that elevated K ϩ increased vesicle release of GABA, presumably from enhanced CA3 interneuronal spiking activity, which is discussed later. The surge in GABA release from 10 mM KCl bath perfusion appears to depend upon APs since TTX completely abolished the presence of these events. However, small IPSCs were still present, although at lower frequencies than those observed in elevated K ϩ alone, suggesting that spontaneous release of GABA is still present, underlying a continuous background of inhibition (Otis et al. 1991) and is a stabilizing influence, preventing run-away excitation (Hablitz et al. 2009 ).
To determine whether the large cyclic surges of IPSCs were mediated by the readily releasable pool or reserve pool (Rosenmund and Stevens 1996; Schneggenburger et al. 1999; Stevens and Tsujimoto 1995; Zucker and Regehr 2002) , we pressure ejected sucrose in close proximity to the soma of CA3 pyramidal neurons to elicit the release of the readily releasable pool of GABA; GABAergic interneurons synapse onto pyramidal cell bodies and proximal dendrites (Kawaguchi and Kubota 1997; Kawaguchi and Kubota 1998) . The use of pressure ejection of sucrose to elicit GABA from the readily releasable pool has been used previously by others to induce the release of glutamate (Staley et al. 1998; Stevens and Tsujimoto 1995) or GABA (Khvotchev et al. 2000) . We found that the application of sucrose in aCSF alone decreased the amplitude of the small IPSCs concomitant with a 36% increase in small IPSC frequency. However, no large surges were present after sucrose application in aCSF over a 20-to 30-min recording, suggesting that some release of GABA persisted after our sucrose pressure ejection paradigm, but not enough to elicit surges. We found that application of sucrose before a surge resulted in subse- quent surges in three of the seven cases, albeit with sequentially smaller peak amplitudes. Furthermore, the application of sucrose attenuated the peak amplitude of the initial surge, suggesting that some portion of the releasable pool for GABA was exhausted. In the other four cases subsequent surges were abolished, but we are uncertain how this phenomenon manifested since a complete exhaustion of the releasable pool is not plausible given that an initial surge was still present (albeit smaller in amplitude). When sucrose was applied after a surge, the majority of neurons (ϳ73%) did not exhibit another surge, suggesting that the readily releasable pool was better exhausted after the initial surge. Subsequent surges that we observed in three of the eleven neurons may have been due to insufficient exhaustion of the readily releasable pool of GABA. From these results we speculate that focal pressure ejection of sucrose before IPSC surges allows for some presence of GABA in the readily releasable pool to elicit smaller subsequent surges in elevated K ϩ in some cases, whereas applying sucrose after a surge precludes any further surges since the initial surge of large ISPCs already depletes most of the readily releasable pool and the following sucrose application further exhausts the readily releasable pool. ϩ bath perfusion with a pressure ejection of 300 mM sucrose before a surge (B and C) or after the initial surge in large IPSC emergence (D and E). The plot in C represents the lack of subsequent surges in IPSC activity in 4 out of 7 recordings, whereas E shows a lack of subsequent surges of IPSC activity in 8 of 11 recorded neurons. The pressure ejection of 300 mM sucrose was done using 15 psi, 10 ms, and no more than 30 m away from the soma of a CA3 pyramidal neuron. The arrows represent the time of sucrose application. The plots represent a sample of 6, 7, and 11 for aCSF pressure ejection before and after the initial surge emergence. When we pressure ejected muscimol onto CA3 pyramidal neurons in elevated K ϩ after a surge event, we found that a robust IPSC was elicited. From this, we conclude that a complete desensitization of the GABA A receptor did not mediate the quiescent period between surge events. However, we cannot exclude the possibility that some desensitization of the GABA A receptor could account for the absence of surge activity. We found that muscimol-mediated IPSCs were smaller in elevated K ϩ than in aCSF. The attenuation in IPSC amplitude may be due to some desensitization of the GABA A receptor and also from an elevated K ϩ -mediated depolarization of the GABA A receptor reversal potential. Our data show that this phenomenon is present, concurring with other reports showing that elevated K ϩ depolarizes the reversal potential of GABA A receptors (Isaev et al. 2007; Thompson and Gahwiler 1989a) . To investigate whether glutamatergic input was required for the generation or recurrence of surge events in elevated K ϩ , we treated slices with CNQX and APV to block AMPA and NMDA receptor activity, respectively. We found that blocking excitatory neurotransmitter receptor activity abolished the recurrence of surge events in 10 mM K ϩ . The origin of glutamate input is not known, but presumably the perforant pathway and mossy fibers (Ascoli et al. 2009; Buhl et al. 1994; Cosgrove et al.; Freund and Buzsaki 1996) , and/or astrocytes (Nedergaard et al. 2002) are involved; the latter has been shown to synchronize neuronal activity in the hippocampus (Angulo et al. 2004) . Regardless of its origin, our results suggest that glutamatergic afferents to CA3 interneurons may provide a mechanism for the synchronous release of GABA that is needed for the generation and recurrence of the surge events seen with 10 mM K ϩ treatment. The participation of interneurons in synchronizing pyramidal neuronal activity has been reported in many studies (reviewed by Isomura et al.
2008
; Mann et al. 2005; Traub et al. 2004) . In fact, our data suggest that glutamatergic afferent activity is needed for synchronous release of IPSCs since CNQX and APV treatment, with elevated K ϩ , resulted in more frequent release of small IPSCs. In addition, the lack of SLEs in the extracellular field recording would suggest that glutamate receptor inhibition abolished synchronization in the CA3 region.
We found that IPSCs in CA3 interneurons were different than those seen in CA3 pyramidal neurons. In particular, these IPSCs did not appear as surges in 10 mM K ϩ , because interneuronal IPSCs were not resurgent and cyclic. These results suggest that hippocampal interneurons do not manifest IPSCs and inhibitory dynamics as seen in pyramidal neurons.
The perfusion of NO-711 before 10 mM K ϩ resulted in an initial surge in large IPSCs in CA3 pyramidal neurons, but prevented any further events. This finding suggests that subsequent massive release of GABA is dependent upon the reuptake of GABA into neurons and astrocytes. Similar increases in GABA conductance were observed in pyramidal neurons with treatment of NO-711 (Marchionni et al. 2007 ). Interestingly, GABA transporter inhibitors have been shown to be effective in blocking seizure activity. In particular, nipecotic acid blocked seizure-like events in organotypic hippocampal slice cultures (Wahab et al. 2009 ), whereas tiagabine, another GABA reuptake blocker, is used in the clinic as an anticonvulsant (see review by Madsen et al. 2009 ).
It is plausible that bath perfusion of 10 mM K ϩ may have resulted in a depolarization-mediated reverse transport of GABA (Ransom et al. 2010) , and a depletion of intracellular GABA concentrations could mediate the quiescent period between surges. Although we have not addressed this concern experimentally, we feel that this phenomenon would not mediate the surges observed in our study for the following Fig. 7 . A: active and passive properties of a CA3 hippocampal stratum oriens fast spiking (FS) interneuron with Ϫ100 pA and ϩ150 pA current injection via the whole-cell patch-clamp electrode. These cells displayed small IPSCs in aCSF (Ai), which summated in 10 mM K ϩ (Aii). However, these events did not match the template and had markedly smaller amplitudes than those observed in large IPSCs. Plots shown in B represent a sample size of 13 interneurons, which do not exhibit any large cyclic surge events.
reasons: 1) reports show that the GABA transporter is primarily involved in maintaining extracellular GABA tone and therefore acts as an equilibrating mechanism for clamping GABA levels in a narrow range (Wu et al. 2007; Wu et al. 2006 ) and does not seem likely to result in the large recurrent IPSC-mediated surges; 2) the GABA-mediated surge events presumably contribute to a substantial increase in extracellular GABA concentrations above ambient levels of 0.1-0.8 M (Hagberg et al. 1985; Lerma et al. 1986; Phillis et al. 1994) , which would likely force the transport of GABA into cells, not out; 3) our experiment with TTX suggests that action potentialmediated release of GABA is more likely to be responsible for the surge events in our study rather than a depolarizationmediated reverse transport of GABA since this drug completely abolished surge manifestation in elevated K ϩ ; and 4) the spontaneous smaller IPSCs continued between surges.
Although we did not investigate the role of GABA B autoreceptor regulation of GABA release from interneurons, this possibility may mediate the disappearance of large IPSC surges in pyramidal neurons. The attenuation of neurotransmitter release from autoregulation from GABA B activation has been reported in numerous reports (Ault and Nadler 1982; Ault and Nadler 1983; Collins et al. 1982; Curtis et al. 1981; Deisz and Prince 1989; Misgeld et al. 1984; Olpe et al. 1982; Peet and McLennan 1986) . The presence of GABA B receptors also become functional around 6 days postnatally (Gaiarsa et al. 1995) , well before the age of our rats. However, the negative feedback control of GABA release from GABA B activation would predict a more sustained absence of large IPSCs in pyramidal neurons. Yet, we observed the disappearance and re-emergence of these events within minutes, suggesting that GABA B receptors would have to undergo desensitization and reactivation in this time frame for this mechanism to exist. In addition, we still observed small IPSCs between the large IPSC surges, which provide evidence for the presence of GABA release. If GABA B receptors were involved in the quiescent period between surges, we would not expect any IPSC presence. For example, Thompson and Gahwiler (1989b) found that baclofen application onto hippocampal slice cultures completely blocked IPSCs in CA3 pyramidal neurons. Nevertheless, we cannot rule out the possibility that GABA B receptor autoregulation may be involved in the cyclic nature of IPSC surges.
Another possibility to explain the disappearance of large IPSCs is a complete internalization of GABA A receptors. Goodkin et al. (2007) showed that GABA A receptor populations internalize during prolonged seizures of status epilepticus. We do not believe that this is a likely scenario since we elicited a robust postsynaptic GABA A inhibitory response to muscimol application after the disappearance of the large IPSCs. Furthermore, sustained smaller IPSC events were still present during the absence of surge events.
We recognize that the increase in extracellular K ϩ in our perfusion aCSF can cause a positive shift in the GABA reversal potential (Korn et al. 1987; Thompson and Gahwiler 1989a) and therefore enhance the depolarizing effects of Cl Rivera et al. 1999; Ben-Ari 2002) . However, we believe that this does not affect our interpretation of the results since our voltage-clamp of pyramidal neurons at 0 mV is far enough removed from any K ϩ -mediated changes in Cl Ϫ reversal potentials. In addition, the pattern of cyclic IPSCs is clearly seen in 10 mM K ϩ and illustrates the activation of GABA A receptors at this holding potential. Furthermore, since we are using a low intracellular chloride concentration in our whole-cell recording pipette, a Cl Ϫ load within the cell would be attenuated.
However, the recurring nature of the surge events, a holding potential of 0 mV, and the presence of small outward currents between quiescent periods between surges would suggest that the phenomenon we observed in our study is physiological and not from an abundance of intracellular Cl Ϫ . Although our study shows that large IPSCs increase in frequency and amplitude in cyclic fashion, we cannot rule out that the inhibitory input can result in shunting of the excitatory input as reported in other studies (Staley and Mody 1992; Isaev et al. 2007) . In their studies, 10 mM K ϩ application with concomitant activation of GABA A receptors did not change the resting membrane potential in pyramidal hippocampal neurons, but increased the membrane conductance and therefore shunted excitatory input. However, since our recordings were performed at a holding potential of 0 mV, we did not investigate these effects on excitatory transmission with elevated K ϩ application, nor can we exclude the possibility that shunting may play a role in the recurrent loss of the large IPSCs. Instead, we exclusively investigated the temporal changes in GABA A receptor activation. Interestingly, some reports showed that spontaneous spiking activity in hippocampal interneurons and pyramidal neurons do not correlate with each other using the tetanizing seizure model (Fujiwara-Tsukamoto et al. 2007 ) and the 4-aminopyridine and low Mg 2ϩ model (Ziburkus et al. 2006) .
Although our results show that large IPSCs emerge and diminish in a recurrent fashion, we did not identify the source of inhibitory input. Ouardouz and Lacaille (1997) found that activation of hippocampal interneurons in the pyramidal, OR, and lacunosum-moleculare (LM) layers by stimulation could elicit unitary IPSCs in CA1 pyramidal neurons. We assume that much of the GABAergic input arise from stratum OR interneurons since evidence suggest that these interneurons innervate pyramidal neurons (Freund and Buzsaki 1996) , and we found that these interneurons were hyperexcited in a tonic firing pattern.
The large surges in large IPSCs seen in pyramidal neurons may result from the hypersynchrony of interneurons and therefore cumulative release of GABA from multiple inhibitory cells. This phenomenon is plausible since numerous reports have shown that hippocampal interneurons are coupled via gap junctions (Carlen et al. 2000; Zhang et al. 2004; Skinner et al. 1999; Zhang et al. 1998 ) and 340 presynaptic interneurons synapse onto every pyramidal neuron (Buhl et al. 1994; Miles et al. 1996; Gulyas et al. 1993 ) therefore providing the architecture for synchronization. Our data are somewhat consistent with this thought since the perfusion of carbenoxolone, before 10 mM K ϩ treatment, only allowed one surge in large IPSCs in eight of ten pyramidal neurons; the other two cells exhibited a second smaller surge. This phenomenon differed from cyclic surges we observed in pyramidal neurons in elevated K ϩ , without carbenoxolone, since multiple large IPSCs were present, which did not decrease in surge amplitude with subsequent events. At this time, we cannot explain the appearance of the first surge event with carbenoxolone treatment.
Although our recordings are somatic, it is possible that significant dendritic GABA receptor-mediated inhibition of pyramidal neurons is present since axons of OR and LM interneurons contact these dendritic regions extensively (Kunkel et al. 1988; Lacaille and Schwartzkroin 1988a; Lacaille and Schwartzkroin 1988b; Sik et al. 1995) . It is believed that perisomatic inhibition limits action potential firing, whereas dendritic inhibition primarily controls synaptic intergration (Freund and Buzsaki 1996; Miles et al. 1996) . Similarly, Cossart et al. (2001) showed that a loss of dendritic tonic inhibition, but sustained somatic inhibition from GABA receptor activity, was present in brain tissue retrieved from human patients with temporal lobe epilepsy. This dichotomy in spatial inhibition facilitated the generation and propagation of large dendritic EPSCs to the soma via an increase in input resistance, whereas the increased perisomatic inhibition prevented the occurrence of persistent seizures. Although we recorded presumably from somatic and proximal dendrites due to poor space clamping of the distal dendrites, we believe that our detection of these cyclic IPSCs represents the majority of inhibitory influence onto pyramidal neurons since Megias et al. (2001) showed that the highest density of symmetrical synapses are present in the aforementioned regions of pyramidal neurons. However, future work is required to determine whether recurrent appearance and disappearance of IPSCs observed in our somatic recordings represent dendritic events.
In conclusion, the initial aim of our study was to determine the effects of raised potassium on the GABAergic afferent activity in CA3 pyramidal neurons. We show that large GABAergic potentials in pyramidal neurons recur in surges in elevated K ϩ treatment, probably from the readily releasable and exhaustible pool GABA from nearby interneuronal nerve terminals. This cyclic appearance and disappearance of large IPSCs from CA3 pyramidal neurons is dependent upon the GABA transporter and gap junctional coupling. Finally, the feed forward excitation of interneuronal activity (Buzsaki 1984; Fujiwara-Tsukamoto et al. 2003 ) and the resulting feedback or collateral inhibition of pyramidal neurons suggest that a complex interaction between the two neuronal subtypes exists for the appearance of this surge phenomenon to occur in raised potassium.
